The occurrence of emerging contaminants such as endocrine disrupting chemicals (EDCs) in our water resources is of prime concern. With this context, fate and seasonal variation of six EDCs (testosterone, T; progesterone, P; diethyl phthalate, DEP; dibutyl phthalate, DBP; propyl-paraben, PP and butylparaben, BP) were assessed throughout the year, i.e. in rainy, winter, spring and summer seasons in the raw, treated wastewater and activated sludge in an activated sludge process (ASP) based sewage treatment plant (STP) located in Haridwar, India. Qualitative and quantitative measurements were performed by gas chromatography-mass spectrometry (GC-MS) analysis. Results indicate that in summer, the examined STP could effectively remove 82.9% of T, 86.4% of P, 95.5% of DEP, 92.4% of DBP, 91.5% of PP, and 89.9% of BP from the wastewater. Among the EDCs considered, higher removal efficiencies were achieved for phthalates in the summer season. GC-MS analysis showed that a small fraction of EDCs was sorbed on the solid fraction of activated sludge. Scanning electron microscopy, energy dispersive X-ray spectroscopy and Fourier transformation infrared spectroscopy analysis were also performed to investigate the occurrence of EDCs in biomass samples. Results of this study also demonstrated that removal efficiency, assessed in terms of physicochemical and microbiological parameters, was maximum in summer and reached minimum in rainy season.
INTRODUCTION
Endocrine disrupting chemicals (EDCs) are endogenous substances which interfere with the normal functioning of the endocrine system (Campbell et al. ; Esplugas et al. ; Rahman et al. ; Zhou et al. ) by mimicking or blocking the normal action of hormones at their receptors, increasing the production of normal hormone, or altering or shutting down the hormone transport through the blood (Bolong et al. ) . These compounds contain a broad spectrum of different classes, as shown in Figure 1 (Trenholm et al. ; Combalbert et al. ) . Industrial effluents and insufficiently treated effluents of sewage treatment plants (STPs) are major sources of these compounds being added to the aquatic environment (Nakada et al. ; Yu et al. ; Gomez et al. ; Gabet-Giraud et al. ; Writer et al. ) . The contamination of water bodies by EDCs coming through (STP) effluents depends upon several factors like physicochemical properties of pollutants, type of treatment technology employed, and climatic conditions. From the different classes of EDCs shown in Figure 1 , steroid hormones, phthalates, and personal care products (PCPs) were selected for the present study.
Steroid hormones, e.g. progesterone (P) and testosterone (T), are a large class oflipophilic molecules (Streck ) which are considered as ubiquitous contaminants (Kim et al. ) . Their inappropriate activation or inhibition causes endocrine disruption of an endocrine system, i.e. the reproductive system.
Phthalates are incorporated as fixative agents in many consumer products (Yuan et al. ; Dargnat et al. ; Lu et al. ; Clara et al. ; Na et al. ) . They do not chemically bind to polymer products and remain linked to the consumer products in a loose non-covalent bonding and migrate into the environment during the manufacturing, consumption and disposal processes through seeping (Oliver et al. ; Lafleur & Schug ) . It is observed that dibutyl phthalate (DBP), used in cosmetic products such as nail polishes, and diethyl phthalate (DEP), used as a solvent and fixative in fragrances, are suspected endocrine disruptors because they interfere with hormone function, causing reproductive and developmental problems.
Similarly to personal care products, alkyl-p-hydroxybenzoates/parabens are antimicrobial preservatives used in so many household products (Peck ; Brausch & Rand ). Among the various PCPs, parabens are of prime importance, and small concentrations can cause estrogenic effects. Butyl-paraben and propyl-paraben are toxic to invertebrates and fish (Tarasaki et al. ) . Some studies concluded that parabens' effects on the endocrine system are like endogenous species. Selected compounds from the above classes have been summarized in Table 1 .
It can be inferred that all these chemicals are often considered as 'emerging contaminants' if discharged in the aquatic environment, as they are ubiquitous, persistent and biologically active with recognized endocrine disrupting activity (Gibson et , developing nations like India and China need a lot more concern due to rapid industrialization. It is estimated that Uttarakhand (a state of India) also suffers from this type of contamination in the aquatic environment, because of which a lot of pressure is being put on quality of ground water. In Uttarakhand, Haridwar, being a rapidly growing industrial city and having religious importance, needs attention for monitoring of its STPs. Some studies regarding physicochemical and microbiological parameters were carried out on certain locations to determine characteristics of sewage effluent coming from STPs (Tyagi et al. ) but a detailed and systematic investigation is needed.
Therefore, appropriate follow-up of the effluent from STPs is needed throughout the year, as variation in weather might play a crucial role in assessment of these hazardous chemicals. Development of analytical techniques for this purpose is quite challenging due to the varied chemical properties of these contaminants.
The main objective of the present work was to assess the fate and seasonal variation of selected EDCs, i.e. progesterone and testosterone (steroid hormones), propyl-paraben, butyl-paraben (PCPs), and diethyl phthalate and di-butyl phthalate (phthalates) in an activated sludge process (ASP) based STP located in Jagjeetpur, Haridwar (Uttarakhand), India. Physicochemical and microbiological parameters of influent and effluent samples of STPs were also determined to check the performance of the plant. Literature survey indicates use of liquid-liquid extraction/solid phase extraction followed by gas chromatographymass spectrometry (GC-MS)/liquid chromatography-mass spectrometry (LC-MS)/high performance liquid chromatography (HPLC) for analysis of these compounds using different internal standards, cartridges and solvents.
In this study liquid-liquid extraction was done with a solvent mixture of dichloromethane (DCM) and n-hexane followed by GC-MS analysis. Field emission-scanning electron microscopy/energy dispersive X-ray analysis (FE-SEM/EDX) and Fourier transform infrared (FTIR) analysis were also employed for characterization of sludge samples. Calculation of risk quotients showed the existence of possible threat due to the presence of certain EDCs in treated wastewater and sludge. receives 18 million L (18 MLD) sewage per day. Samples were collected in clean 1,000 mL (1-L) plastic bottles. Sampling bottles were cleaned and rinsed with sample two or three times before collection of sample. For microbial analysis, samples were taken in autoclaved amber glass bottles. All the samples were preserved at 4 W C before analysis. It was observed that hydrophobic compounds bound to suspended material to a small extent, which may cause problems in determination of actual concentration in wastewater, after filtration of sample (Buchberger ) . Therefore, filtration of samples was avoided. A solvent mixture of DCM and n-hexane in the ratio of 85:15 was used for extraction of EDCs from wastewater by liquid-liquid extraction method. Fifty milliliters of solvent mixture and 500 mL of wastewater were taken into a separating funnel. After mechanical shaking for 20 min, the solution was allowed to stand undisturbed until the two layers separated, and after that the organic layer was collected in a culture tube and another 30 ml of solvent mixture in the same ratio was added into the same sample for further extraction.
MATERIALS AND METHODS

Sampling and extraction
The organic layers so obtained were combined and concentrated under a gentle stream of nitrogen to 1 mL, purified with a florisil column, and finally eluted with 25 mL of a solvent mixture of n-hexane/diethylether in the ratio of 80:20. The fraction was evaporated to 1 mL under N 2 gas streams and analyzed using a GC-MS (Dargnat et al. ) . A Culatti crusher was used for the fine crushing of freeze dried sludge samples. One hundred milliliters of DCM was taken for extraction of 5-g of sludge sample in a volatilization/condensation device for 24-h. The extracts were centrifuged for 15 min, concentrated and transferred to hexane and again centrifuged and evaporated to 1 mL. The cleanup method was the same as described for wastewater. Wastewater and treated water samples of the selected STP were used for physicochemical and microbiological analysis to determine the pollution strength. The effectiveness of the treatment plant in relation to the removal of microbiological pollution was measured with the help of determination of densities of total coliforms (TC) and fecal coliforms (FC) in wastewater samples.
Chemicals and standards
Standards of testosterone (CAS 58-22-0), progesterone (CAS 57-83-0), propyl-paraben (CAS 94-13-3), butyl-paraben (CAS 94-26-8), DEP (CAS 84-66-2) and DBP (CAS 84-72-2) of high purity (>99%) were purchased from Sigma Aldrich Chemie GmbH (Germany). Other organic solvents and reagents used in this study were of analytical grade. All glassware was rinsed with DCM and then dried in an oven. Filter papers employed in the extraction procedure were also dried before use.
Analytical methods
Total chemical oxygen demand (tCOD), total biochemical oxygen demand (t-BOD), total suspended solids (TSS), 
Method performance
As PCPs and phthalates are used as constituents in many kinds of cleansing products and cosmetics, the sample may be contaminated with these chemicals during analysis, so it is suitable to take precautions to control sources of interference in the laboratory environment. To solve this problem of contamination, applicable steps should be taken. First of all, the collection of samples in plastic bottles should be avoided. Blank samples were analyzed after every set of ten samples to dispose of latent contamination. Along with this, spiked water samples were analyzed from time to time to evaluate the performance of the method (Carballa et al. ) . The calibration curves for detection of the analytes were prepared by performing a linear regression analysis on standard solution of selected EDCs, against concentrations of analytes ranging from 1.0 to 1,000 μg L À1 (Shao et al. ). All analytes showed good linearity with correlation coefficients (r > 0.985). The limits of detection (LOD) were 1.07, 1.02, 1.2, 1.7, 1.3, and 1.2 μg L À1 for testosterone, progesterone, diethyl phthalate, di-butyl phthalate, propyl-paraben, and butyl-paraben, respectively, which was estimated by using the formula 3σ/S, while the limits of quantification were 3.3, 9.0, 3.8, 3.5, 3.8, 3.9 μg L À1 for wastewater and sludge, which was calculated by using the formula 10σ/S, where σ ¼ Standard deviation (SD) of the response; S ¼ Slope of the calibration curve.
RESULTS AND DISCUSSION
Physicochemical and microbiological analysis
The average values and standard deviations of selected parameters in all four seasons are shown in Occurrence of steroid hormones in wastewater and sludge
Steroid hormones undergo biodegradation and adsorption to activated sludge during the treatment process of a STP. Due to their lipophilic nature, these compounds are highly stable, so they are not readily biodegradable, and therefore most of the steroid hormones get removed by adsorption onto the activated sludge. Steroids may be adsorbed by the suspended solids and subsequently removed from wastewater by sedimentation (Yu & Wu ) . They further get adsorbed to activated sludge, due to which the concentration of steroid hormones are high in sludge in comparison to other EDCs (T 32.4, P 38.4 μg/g); the concentrations of these compounds in other seasons are shown in Figure 2 . Biodegradation of testosterone and progesterone was high during summer because temperature affects bacterial activity and consequently removal efficiency of compounds (Sui et al. ) .
Removal of these compounds takes place through degradation and adsorption (Carballa et al. ; Clara et al. ; Langdon et al. ) . Adsorption of these compounds onto the sludge increased with increasing hydrophobicity and organic carbon contents of sludge (Ifelebuegu ). The concentrations of these compounds in wastewater, treated water and sludge are shown in Table 3 . The results of the study shows that overall removal efficiency of testosterone and progesterone were highest, i.e. 82.9 and 86.4% during the summer season. Nie () also studied the fate and seasonal variation of several EDCs in a municipal STP employing an Anaerobic/Anoxic/Oxic (A/A/O) process located in Beijing, China by monitoring their concentrations in both wastewater and activated sludge in four seasons, i.e. winter (January, 12 W C), spring (April, 19 W C), summer (July, 27 W C) and autumn (November, 18 W C). The results of this study show that >90% removal efficiency was found for all EDCs except estrone. It was also found that higher removal was observed in summer and autumn than in winter and spring in both wastewater and sludge samples. Sui () also found lower concentration of selected pharmaceuticals and personal care products in effluent samples during summer than in winter.
Occurrence of PCPs in wastewater and sludge
Personal care products were removed from wastewater in a significant fraction during the treatment process of the STP (Lee et al. ). The removal efficiencies calculated for PCPs are closely related to suspended solids, which indicates that adsorption onto solid particles is the key mechanism for removal of these compounds (Carballa et al. ) . From Figure 2 it is clear that removal of PCPs through adsorption was higher in summer for BP and in spring for PP, and the values of removal efficiencies (Figure 3 ) of these compounds were higher in summer, indicating higher biodegradation of these compounds in summer due to more effective bacterial action. A major factor influencing the removal efficiency of contaminants present in wastewater is their ability to interact with suspended particles. The compounds with hydrophilic nature tend to remain in the aqueous phase and move through the STP into effluent, while hydrophobic compounds react with activated sludge and are removed from water through adsorption onto sludge particle or through biodegradation. The average concentration of these compounds in wastewater, treated water and sludge are shown in Table 3 .
Occurrence of phthalates in wastewater and sludge
It has been reported that phthalate compounds get removed from wastewater through bacterial degradation and adsorption to activated sludge ( . The concentration of these compounds in sludge samples are given in Figure 2 . Results show highest concentration of these compounds in summer (May), i.e. 74.4 μg/L for DEP and 147.8 μg/L for DBP, and from Figure 3 it can be observed that the removal efficiency of these compounds was also highest (95.5% for DEP and 92.4% for DBP) during summer, as temperature is the most important factor for removal. In summer, biodegradation efficiency increased with increase in temperature and gave good removal efficiency (Sui et al. ) . There is a strong relationship between TSS and phthalates because bacteria adsorb or entrap within suspended solids and phthalates undergo bacterial degradation (Chang et al. ; Lu et al. ) . Therefore high concentration of TSS causes high removal efficiency of phthalate compounds. Other factors like BOD, TSS, pH, temperature, TC and FC were also useful in increasing the removal efficiency of phthalate compounds. It was also observed that there is no significant change in DOC during the treatment process, indicating negligible mineralization of phthalate compound due to ring cleavage or molecular degradation. The extent to which a treatment plant removes suspended solids, as well as BOD, determines the efficiency of the treatment process and the extent of phthalate removal. Degradation and adsorption of phthalates are also affected by properties of compounds like alkyl branch chains, hydrophobicity, dispersion, boiling points, etc. (Mohan et al. ; Gao et al. ) .
The variation in concentration of selected compounds in different seasons, i.e. in winter, spring, summer and rainfall, may be because of variation in temperature, pH and other climatic conditions (Chang et al. ) . Monthly variations in concentration of these compounds are shown in Figure 4 . Along with temperature and climatic conditions, some other factors, like hydraulic retention time, solids retention time, plant configurations and quality of influents, etc., also influenced the rate of removal efficiency (Zhou et al. ) .
Overall, when two factor without replication analysis of variance (ANOVA) was applied, data were found to be significantly different in rows as well as in columns, i.e. within compound as well as in season. Significance level is <0.05 within row and <0.01 level for column, for removal efficiency of selected EDCs. When single factor ANOVA was applied, data were found to be significantly different at <0.001 level of significance for physicochemical and microbiological parameters.
SLUDGE ANALYSIS FTIR spectroscopy of samples
The removal efficiency of selected compounds can be understood with the help of FTIR analysis of sludge generated during the treatment process (Singh et al. ) . The peaks in between 600 and 800 are due to the C-Cl stretching, and the peaks at 1038.7 and 1238.4 are due to C-O str. in acyclic compounds and C-O str. in alcohol and ketone, respectively. Figure 5 shows that absorption bands at 1446.9, 1558.5, and 1658.3 cm À1 are found due to the Hence, FTIR analysis of sludge sample indicates that most of the selected compounds undergo adsorption and degradation into small compounds during bacterial degradation. The peaks found in the FTIR spectra may also be due to the presence of carbohydrate, proteins, lipid, and fats, etc. because they remain present in sewage (Grube et al. ) . Scanning electron microscope and energy dispersive X-ray analysis SEM-EDX analysis was employed for determination of morphology and elemental distribution in the sludge sample. Figure 6(a) shows the SEM-EDX image of the sludge sample. SEM indicates that the surface texture of the sludge is amorphous, having different pores and sizes. EDX analysis of sludge sample was used to estimate the elemental composition ( Figure 6(b) . The elemental composition in the sludge sample was found to be 57% carbon, 36.4% oxygen, 1.14% aluminum, 3.82% silicon, and 1.58% calcium, respectively.
Hence, from this study the concentration of EDCs in wastewater and sludge and their removal from wastewater show perceptible seasonal fluctuations due to weather conditions like temperature, level of sunlight, rainfall, etc. (Luo et al. ) . The concentrations of EDCs in the effluent were much higher in winter and rainfall, and in activated sludge in the aeration tank they were much higher in summer and spring, which was closely related to the microbial activity and the concentration of suspended solids. The removal efficiencies of almost all parameters were found maximum during summer season, which may be because of increased microbial activity.
From the present study it is observed that efficient removal of EDCs from wastewater in an ASP based STP takes place, but due to the presence of a small fraction of these compounds in the sludge sample, the land application of sludge is a challenging step, because it may cause soil contamination through these compounds and also ground water and surface water contamination through leachate production (Kirmizakis et al. ) . Similar results were found by Yong ().
CONCLUSIONS
On the basis of the present studies, the following conclusions can be derived.
The decrease in concentration of COD, TC, FC and other parameters indicates that the concentration of selected EDCs decreases in a considerable fraction during the treatment process of ASP based STP. It was found that the maximum removal efficiency of all selected EDCs was obtained in summer, whereas minimum removal efficiency was obtained in winter, indicating that effect of temperature is the key parameter for better removal. SEM analysis of sludge samples shows the amorphous nature of sludge, while EDX gives information about the elemental composition of sludge samples. Fate analysis of the selected compounds indicates that some compounds, like phthalates and PCPs, undergo biodegradation into smaller molecules, and toxicity caused by these compounds was reduced. The results of this study indicate that compounds like steroid hormones are also removed from wastewater through adsorption and biodegradation into smaller compounds, but to a smaller extent than phthalates and PCPs. The fate of EDCs in the aquatic environment depends upon a number of physical, chemical, and biological processes of treatment plants along with properties of compounds. FTIR analysis of sludge sample also confirmed that selected EDCs were degraded into small and easily decomposable molecules during the treatment. Due to the presence of a small fraction of EDCs in the sludge sample, the land application of sludge is a challenging step, and therefore further research regarding sludge application is recommended.
